The Compact Linear Collider (CLIC) is a study for a future linear electron-positron collider based on a two-beam acceleration scheme in which a high-intensity drive beam is decelerated in order to provide the power to accelerate the main beam for collision in the TeV range. The power extracted from the drive beam deteriorates the beam quality and increases the energy spread significantly. Monitoring of the beam properties is therefore challenging but essential. These challenges are being addressed experimentally at the CLIC test facility where up to 55% of the power is extracted from the beam in the test beam line, a small-scale version of the CLIC drive-beam decelerator, leaving the beam with a very wide energy profile. For monitoring of the transverse beam profile and Twiss parameters we use optical transition radiation screens and quadrupole scans. The intra-pulse-train energy spectrum before and after deceleration is measured with segmented beam dumps. In this paper we discuss the performance of these diagnostic devices with a particular emphasis on the large energy spread and its effect on the beam imaging techniques, and with a final outlook to the CLIC drive-beam diagnostics.
I. INTRODUCTION
A promising candidate for performing precision measurements in the multi-TeV regime is the compact linear collider CLIC [1] . It is based on the two-beam acceleration scheme in which a suitably prepared low-energy, but highintensity drive beam is utilized to distribute the power along the linear accelerator. Next to the accelerating structures, that will operate at a gradient of 100 MeV=m in order to increase the energy of the main beam to the TeV range in the 21 km linac, the power is extracted from the in parallel running drive beam by so-called power extraction and transfer structures (PETS) [2] . Each PETS structure will produce 140 MW of power from the nominal drivebeam current of 101 A. The PETS are arranged in sectors with 1491 PETS in a series that will extract up to 90% of the beam energy and convert it to 12 GHz radio-frequency (rf) power. Reducing the energy by such a large amount poses a severe challenge to the beam stability [3, 4] , especially in the light of transporting the beam along the 880-m long decelerators.
The energy distribution at the end of the decelerator can be simulated in PLACET [5, 6] . Because of the filling time of the PETS, there will be a high-energy transient followed by a long steady state. The large energy spread and the asymmetric energy distribution is illustrated in the energy histogram in Fig. 7 in Ref. [7] . The peak at the most decelerated particles at about 240 MeV, which is 10% of the initial energy, is accompanied by a substantial highenergy tail up to about 1 GeV with smaller contributions all the way to the initial energy of 2.4 GeV. A beam with such an energy profile is a particular challenge for beam monitors, both in terms of energy acceptance and in terms of how different techniques respond to a beam with a large energy spread. Additionally, the high beam intensity poses a threat to the integrity of the beam diagnostic equipment.
These challenges need to be investigated and verified experimentally, which is the purpose of the test beam line (TBL), that is part of the CLIC Test Facility (CTF3) [8] at CERN. In CTF3 a high-intensity beam with a current of 4 A and a pulse duration of about 1:2 s operated at a bunch repetition rate of 1.5 GHz is interleaved with a delay loop and a combiner ring to result in a nearly 30 A and 140 ns pulse with a bunch repetition rate of 12 GHz. This beam is subsequently guided to the TBL and passed through a sequence of 8 focusing-defocusing cells with space for up to 16 PETS of which 13 are installed so far; see sketch in Fig. 1 . The beam current in TBL is about 4 times lower than in CLIC, and in order to compensate for this and to reach the required power level of 140 MW the PETS are 4 times longer than those designed for CLIC. This causes a deceleration of the beam by 5.2 MeV in each PETS. With all PETS installed this means a deceleration from 150 to 67 MeV, i.e., extraction of 55% of the beam energy. We refer to Table I for a juxtaposition of beam parameters for CLIC and TBL. The energy distribution at the end of the TBL is also simulated with PLACET. Similar to what is observed in simulations for CLIC we observe a 3-ns long high-energy transient followed by a long steady state in Fig. 2 . The deceleration process leads to an asymmetric energy distribution shown in Fig. 3 with a significant high-energy tail all the way up to the initial energy in TBL of 150 MeV.
The dramatic reduction of beam energy even in TBL permits us to investigate the deteriorated beam quality due to inverse adiabatic damping and the beam becoming less rigid at lower energies. Monitoring the beam quality is therefore vital but very challenging, because the deceleration process also induces a significant energy spread in the beam, which requires spectrometers with large acceptance. Moreover, the energy spread affects the emittance measurements by introducing large chromatic effects in the quadrupoles. Since the beam loading in the PETS is time dependent, it is highly desirable to measure the temporal variation of beam properties along the 140-ns long beam pulse. Finally, the diagnostic devices need to withstand the large beam power and high radiation levels.
In this paper we discuss the diagnostic devices for beamsize and energy measurements in the TBL. For the emittance measurements we utilize optical transition radiation (OTR) screens with adequate light yield and linear over a wide range of beam currents. For the energy measurements we employ large acceptance segmented beam dumps which permit us to diagnose the energy spread along the beam pulse and up to AE18% energy spread. The main focus is the design, performance, and limitations of these devices.
In the following section we describe the hardware implementation of the diagnostic devices for energy distribution and beam size and emittance. In the subsequent section we discuss the peculiarities of the OTR radiation and then the use of OTR in emittance measurements of highly chromatic beams. In the next section we discuss the segmented beam dump more closely and compare its performance to what is measured on dispersive OTR screens and with beam dynamics simulations with PLACET. We conclude by discussing the extrapolation of the TBL diagnostics to the CLIC regime.
II. DIAGNOSTICS IN CTF3
Transverse beam-size measurements are based on OTR screens observed by a camera. For the time-resolved energy measurement we employ a segmented beam dump or a device we coined slit dump. We first consider the OTR-based diagnostics, which in CTF3 has the following standard layout: a vacuum tank containing the OTR screens and an optical line from the view port of the tank to a CCD camera imaging the light emitted in the backward direction. The screens for transverse profile measurements are employed mostly for determining the beam emittance and Twiss parameters through quadrupole scans. The system is the latest design implemented at CTF3 with a four-position arm supporting a replacement chamber, two screens, and a calibration target. The replacement chamber was implemented to minimize the disturbance to the beam by diagnostic equipment when not in use. The first screen is made of chemical vapor deposition SiC, able to withstand the thermal load of the high-intensity beam [9] . The second one, made of Si, though slightly worse from a thermal perspective, has a higher reflection coefficient and is used at a lower current. Both screens have a 30 mm diameter, are 200 m thick with a 15 tilt, and have been polished to mirror quality. The resolution of the transverse profile measurement is 50 m, which has been established by simulations in the ZEMAX software [10] ; see Sec. III for details. This rather moderate resolution is enough to meet the requirements at CTF3, where the beam sizes are comparatively large. Clearly, the CCD camera has a finite integration time that makes single-shot measurements possible but not intrapulse-train monitoring.
The screen systems for spectrometry accommodate only one fixed aluminum screen, approximately 150 mm Â 50 mm surface area, 50 m thick, intercepting the beam path at a 45 angle. In addition, there is a 50 m carbon foil mounted in front of the screen. The beam goes perpendicularly through the carbon foil, which is there to block synchrotron radiation generated in the dipole magnet [11] .
Because the distance between the carbon foil and the aluminum screen is smaller than the near-field limit, we need to consider the possibility of interference between the forward OTR from the carbon foil and the backward OTR from the screen [12] . The electromagnetic fields from both sources are reflected on the aluminum screen in the specular direction towards the camera, and since the fields are generated by the same electron the two sources are correlated, in analogy with Young's double slit experiment. In this case the phase difference between the two sources is given by the difference in propagation time from surface to surface of the electron and the field. The resulting intensity distribution on the image plane is characterized by interference peaks and troughs, the position of which depends on the distance between the foils and of the radiation wavelength. However, since the OTR spectrum is broadband and since the camera integrates over the optical range, the interference pattern is smoothened out. Also, the geometrical distribution and the energy spread of the beam provides a similar smearing effect so that the shape of the final intensity profile remains similar to the case with a single foil. A more careful analysis shows that the total light intensity is increased by roughly a factor 2.
The TL2 and the TBL spectrometer lines hold diffusive aluminum screens, as indicated in Table II . The choice of diffusive radiators follows from extensive studies at CTF3 on how to mitigate the vignetting effect [13, 14] . Considering the dispersion and the spatial resolution of $400 m the resolution on energy is better than 0.2%.
For time-resolved energy spectrometry we use segmented beam dumps [11] . These are passive, robust systems and are well adapted to the high-intensity beams at CTF3. A segmented beam dump uses the same detection principle as a Faraday cup. The incoming particles penetrate a metallic block, generate electromagnetic showers, and are finally completely stopped. Every absorbed charge is detected as a current flowing to ground through a 50 resistance and sampled with a fast analog-to-digital converter (ADC). A horizontal segmentation of the metallic block, combined with individual data acquisition from each segment, provides a horizontal beam profile.
A novel segmented beam dump was optimized especially for the TBL based on extensive Fluktuierende Kaskade (FLUKA) and Flair simulations [15] [16] [17] . It was installed in January 2011 and commissioned during summer 2011. See [18, 19] for details regarding the design.
The segment assembly consists of 32 tungsten plates, 3-mm wide and spaced by 1 mm with insulators in alumina. Tungsten has a high stopping power and can withstand extreme thermal loads. Nonetheless, a water-cooled, multislit collimator is used as a thermal buffer placed in front of the segment assembly. The 100 mm long collimator absorbs most of the beam power and lets only a small fraction of the incoming particles pass through 400-m wide slits, one in front of each segment. It is made of Inermet [20] , a metallic compound with a high tungsten content. The slits, and the segments placed just after, are concentric with the bending center in order to match the angles of the incoming particles.
The time response of the segmented dump is ultimately limited by the capacitance between the plates as the beam charge is absorbed. It has been estimated to be below 0.5 ns through calculation and measured on a prototype to be 0.3 ns [18] . In its current configuration the detector has a time resolution limited by the choice of ADCs, which have a sampling rate of 256 MS=s, and secondly by dispersion in cables. However, the 5 ns time resolution is sufficient for monitoring the intra-pulse-train energy profile. Installed in a 22.5 spectrometer line just upstream from TBL, marked as TL2 in the layout in Fig. 1 and in Table II , is a single-slit dump, which is a simple alternative to a segmented beam dump. As the name suggests, it consists of a single detecting segment behind a collimator with a single slit. The segment is a 100-mm long steel cylinder, sampled at 100 MS=s by an ADC, and is kept electrically insulated by a 25 mm macor layer inside a steel support. The single-slit collimator consists of another 100-mm long steel cylinder with a 1-mm wide slit that sets the spatial resolution whereas the time resolution is currently limited by the ADC acquisition rate.
By adjusting the spectrometer magnet current, i.e., changing the dispersion, the beam can be steered across the slit dump which thus provides a multishot measurement of the energy profile with 10 ns time steps. Evidently, a certain stability of the incoming beam will have to be assumed. It allows for a reference measurement of the energy profile before any deceleration has taken place.
At CTF3 a substantial effort has been put into the development of beam profile instruments adapted to high-intensity beams and the demanding radiation environment. The beam instrumentation in TBL is built on developments done for the CTF3 linac and is concentrated to two diagnostics sectors: one in TL2, just before TBL, and one at the end of TBL, as marked in Fig. 1 . Both sectors follow the same pattern, shown in the schematic picture in Fig. 4 . It includes an OTR screen for transverse profile measurements, another OTR screen for high resolution spectrometry, and a device for time-resolved spectrometry inside the beam dump. Table II contains information on the spectrometer lines in connection to TBL. The devices installed are listed, together with the dispersion used to deduce the energy spread. Apart from these instruments TBL also holds inductive beam position monitors [21] for beam position and current monitoring, and a streak camera, imaging an OTR screen, for bunch length measurements.
III. OTR
We extensively use OTR radiation as beam diagnostics and here we investigate how the imaging is affected by the large energy spread.
OTR is emitted when a charged particle crosses a media interface. The intensity of the emitted light is, although lower than, for example, scintillation light, linear to the number of charge crossings and suffers no risks of saturation. It also has a response time of the order of the electronic relaxation time of the material, and is therefore suitable for imaging high-intensity beams in the transverse as well as the longitudinal dimension.
At ultrarelativistic particle energies and assuming a perfectly conducting radiator, the energy emitted per solid angle and frequency range, in the backward direction, can be simplified to [22] :
The angle refers to the angle with the specular direction to the radiator and is the relativistic Lorentz factor. The emitted energy is in practice independent of wave length in most applications involving electron beams. The angle of maximum emission, max ¼ 1=, decreases with increasing particle energy so that at energies above a few hundred MeV the emission pattern is dominated by a cone shape of a few milliradian opening angle. Integrating Eq. (1) over the radiation frequency and over angles up to a cutoff angle c ) À1 , we obtain an expression for the total number of photons emitted in a frequency range from ! 1 to ! 2 . We see in Eq. (2) [22] that the number of photons grows logarithmically with the particle energy:
where % 1=137 is the fine structure constant. This energy dependence constitutes a potential problem for beam imaging using OTR at very large energy spreads and warrants a closer inspection. We have evaluated the resolution of the OTR systems by performing realistic simulations of the hardware installed, using the physical optics propagation mode [23] of the ZEMAX software [10] . The simulations start from the OTR electric field from Ref. [24] and Ref. [25] (Eq. 8) and propagate the wave front using Fresnel diffraction, taking into account all aberrations and diffraction occurring in the optical line. We show the point spread function (PSF) of a 150 MeV electron for wavelengths 400-600 nm in wavelength 500 nm, which corresponds to the sensitivity peak of the CCD camera. However, chromatic aberrations will dilute the image. Nonetheless, the rms resolution estimated from the FWHM of the PSF distribution is 44 m. The pixel size of the CCD constitutes a resolution limit of 22 m, when normalized to the optical demagnification of M ¼ 1=6:6. By adding these two contributions in quadrature, we obtain a total resolution of 50 m.
In order to estimate the effect of large energy spreads on the measured beam profiles, we repeated the simulation with varying beam energy while keeping the wavelength fixed at 500 nm. The FWHM of the resulting PSF, shown normalized in Fig. 6 , stays remarkably unaffected. Only tails begin to grow for lower energy. For the remainder of this paper we assume a constant PSF for all beam energies. We conclude that OTR is reliable for beam-size measurements in nondispersive sections even for the large energy spread expected at the end of TBL. Now, we turn our attention to dispersive sections, where there is an obvious correlation between position on the screen and the amount of light generated. First, we assume a dispersion of D ¼ 0:2 m, similar to the dispersion at the location of the spectrometer screen in TBL. Second, we assume that for a given particle energy a constant light intensity is collected by the imager irrespective of the emission point on the radiator. This is true when there is no or negligible vignetting, which we can achieve by using diffuse radiators and large aperture lenses. In addition, we assume that the light collection efficiency is energy independent, which is supported by our ZEMAX simulations. Then, we utilize Eq. (2) for the correlation between number of photons and the particle energy. Finally, we consider an ideal optical line with a single lens, i.e., point-to-point imaging, in which case the angular distribution of the emitted light can be completely ignored. In order to avoid diffraction, which is likely when the OTR angular distribution is wide, one should choose large aperture lenses, as is done at CTF3.
We let the energy profile of a decelerated beam generated in PLACET, like the one in Fig. 3 , act as the reference distribution. The peak energy has been used as a reference energy and OTR intensity and the OTR distribution has been calculated relative to that reference. Figure 7 shows the result where the black dashed line represents the particle density as a function of energy while the green line corresponds to the light density profile. As should be clear from the figure, the discrepancy is barely visible, except for in the high-energy tail. This will be true as long as the optical aperture remains large. For smaller aperture the discrepancy grows in the high-energy tail. In practice it is negligible compared to other phenomena that limit the accuracy of the spectrometer measurements, such as beam stability.
We find that in the parameter range relevant for TBL the energy dependence of the emission of OTR radiation does not play a role. 
IV. CHROMATICITY IN QUADRUPOLE SCANS
As already mentioned the emittance and the Twiss parameters are measured in TBL through quadrupole scans and subsequent beam-size measurements on OTR screens. In quadrupole scans the strength of the quadrupole is varied and consequently the chromatic effects in the quadrupoles are changed, leading to an effect of the energy spread on the measured spot size. A large energy spread will therefore, if uncorrected, lead to a misinterpretation of the emittance.
In Ref. [26] this effect was addressed in a perturbative way, which is adequate in the case of a Gaussian energy distribution with a moderate rms spread of a few percent, but in the CLIC drive-beam decelerator and even in the TBL, the energy spread can easily exceed tens of percent. Moreover, the profile is vastly different from Gaussian, which warrants a careful analysis, of both the nonperturbative regime as well as non-Gaussian beams.
In [7] we have carefully studied this effect through a more general approach. We there considered a thin-lens model with two quadrupoles used for the quadrupole scan emittance measurement setup, where the second quadrupole is kept at fixed strength while the focusing strength of the first is varied. Here, we extend the problem further to include thick lenses. The beam size on the screen for a given beam line configuration, as a function of the incoming beam parameters ij that we want to determine, is given by
where R is the transfer matrix, the elements of which depend on the quadrupole setting. In a quadrupole scan measurement the beam-size " is recorded for a sequence of quadrupole settings k i . The result is a linear equation system consisting of copies of Eq. (3), which needs to be inverted in order to determine the incoming beam parameters. As in Ref. [7] we use the fact that the quadrupole strength k depends on the momentum and let kðÞ ¼ k 0 =ð1 þ Þ, with k 0 being the strength corresponding to an on-momentum particle. In the thick-lens approach the expression for R becomes long and cumbersome and we treat the equation by numerically determining the matrix elements. The effect of energy spread is taken into account in a consistent way through summation over all momenta, weighted by the momentum density function c ðÞ, through integrals of the type
and similar expressions for R 11 R 12 and R 2 12 . In order to assess the severity of the effect we consider the nominal TBL beam that has suffered an energy loss of 55% and has the energy distribution shown in Fig. 3 as c to evaluate the matrix elements R ij ðkÞ. We then show the dependence of the beam size on the screen " squared as a function of the excitation of the first quadrupole in Fig. 8 . For comparison we also show the beam size for a monochromatic beam. We see that the two parabolas differ significantly. The waist has moved indicating that the Twiss parameter is different. The minimum is also different, indicating that the beam size is affected. Finally, the wings of the parabola for the monochromatic curve are much steeper, which indicates that the angular divergence is affected. Conversely, if we would use the monochromatic model to determine the Twiss parameter from data that stem from a TBL beam, we would introduce significant systematic errors. For the data shown in Fig. 8 we find that we overestimate the emittance by 20%, while we underestimate the beta function by 34% and alpha by 6%.
In addition, we analyzed data from emittance measurements in TBL with only 13 PETS installed. We consider the measured energy profile as c to recalculate the transfer matrix R for every quadrupole setting and invert the matrix system in Eq. (3). We thus obtain new Twiss parameters, presented in Table III , for which the large energy spread has been taken into account. In this case the discrepancy between the result obtained with the corrected algorithm and the conventional monochromatic model is 6% for the emittance, 11% for the beta function, and 4% for alpha.
Fortunately, the correction will be fairly straightforward. If we know or can measure the energy distribution, we can numerically evaluate the influence of the energy distribution on the transfer matrix and adapt the equations that relate the measured beam sizes and the initial beam parameters [Eq. (3)] before performing the linear fit, which takes the systematic effect due to the large energy spread into account comprehensively. We have shown that the OTR based profile monitors faithfully reproduce the profile of the highly decelerated beam. In the following section we focus on the timeresolved energy measurement.
V. SEGMENTED DUMP PERFORMANCE
The performance of the segmented beam dump has been investigated both through simulations and through beambased measurements. A description of the procedures and results follows in this section.
The segment width and spacing were optimized for containing both primary and secondary particles within the segment. Nonetheless, there will always be a certain level of crosstalk because of scattered particles. The effect of this crosstalk on the detector resolution has been investigated using FLUKA. By letting a 150 MeV electron beam impinge on the middle segment and studying the signal leakage in the form of scattered particles, the lower resolution limit can be obtained. The rms width of a Gaussian fit to the profile obtained through this simulation was extracted. This width, part ¼ 2:71 mm, is interpreted as the minimum reproducible beam width.
Another effect that is expected to broaden the measured beam profile is the presence of thin foils in the spectrometer line, such as the 50 m aluminum screen for OTR generation, and 50 m carbon foil, as described in Sec. II. Additionally, there is a 100 m aluminum vacuum window just upstream from the detector. Together, these foils are expected to increase the beam divergence by 3 mrad, equivalent to a minimum rms beam width of scatt ¼ 1:71 mm at the position of the dump. Considering these two main effects that will smear the beam profile before reconstruction, a lower resolution limit res is obtained by adding the corresponding beam widths in quadrature in the following manner:
A more extensive investigation of the effect of particle crosstalk on measured beam size is presented in Fig. 9 . Gaussian beams of increasing widths have been used as input to FLUKA simulations and the profile obtained with the segmented dump has been fitted to a Gaussian. The rms width of the reconstructed profile is here shown as a function of the input beam size. Once the rms width of the input Gaussian beam is >7 mm the overestimation from the segmented dump is less than 10%. The result of these simulations can be used to correct the measurement profile widths. Also, the broadening from scattering in foils can be estimated with FLUKA simulations for different beam energies and also used as an adjustment to the measurement.
The expected accuracy of the measurement was investigated with FLUKA. The final detector geometry was used, together with beam distributions obtained with PLACET. As is shown in Fig. 10 , the segmented dump reproduces the asymmetric beam profile well. For 4 PETS the FWHM beam size obtained with FLUKA is 13% larger than the reference beam profile. For 8 PETS, the equivalent value is 7%, and reaches 4% for 16 PETS. In all cases the discrepancy is reduced to below 2% by subtracting in quadrature the broadening expected from segment crosstalk and the intrinsic beam size.
The performance of the segmented dump has been tested through a series of measurements. The response of individual segments and the alignment of the system has been tested using a dipole scanning technique, in which the beam is steered across the detector in small steps. Figure 11 shows the result of such a measurement. During a dipole scan each segment is used separately to sample the beam. The resulting spectra are integrated over a selected time window, thus providing a beam profile as a function of dipole current-one profile for every segment. The peak of this profile is used as the segment response.
The segmented dump in TBL gives a fairly uniform response, much thanks to the concentric slit and segment geometry. The response curve is well reproducible, illustrated in Fig. 11 with statistical error bars calculated from a series of dipole scan measurements; although, a 100-mm wide vacuum chamber upstream from the detector currently reduces the response drastically of three channels on each side, as commented on in Ref. [18] . Small additional response variations from segment to segment are believed to arise from slit width variations and from a minor misalignment of the segment with respect to the slit.
The OTR screen in the spectrometer line is used as a reference for comparing measurements to the new device. The intrinsic beam size has been subtracted from both measurements and the segmented dump profile has been corrected for particle crosstalk and scattering in foils. Figure 12 shows two single-shot measurements from the segmented dump and the OTR screen, one where the energy spread is large and one with smaller energy spread, corresponding to high and low beam current, respectively. Another example of where the segmented beam dump has been used for different beam conditions are presented in Figs. 25 and 26 in Ref. [18] . In cases of large energy spreads, like the one presented here and in Fig. 26 in Ref. [18] , the agreement stays within the shot-to-shot accuracy of each measurement. At small energy spreads, also in Fig. 12 , the segmented dump measures a 4% larger energy spread, most likely due to its limited granularity and resolution. For small energy spreads, the intrinsic beam size remains a more significant fraction of the measured beam size. The uncertainty of the measurement is thereby larger in this case. Since the resolution of the OTR screen is far superior to that of the segmented dump and because the OTR system is well understood, we trust the screen measurement to be correct. Based on this we conclude that the resolution of the segmented dump is 1%. This corresponds well to the value expected from simulations; refer to the discussion above.
The energy spectrum as measured with the segmented dump has also been compared to what is expected from the model implemented in PLACET. Apart from energy measurements, the beam is monitored in several ways during TBL operation: beam position monitors for beam intensity and position, streak camera for bunch length measurements; OTR screens for beam-size measurements and for extracting the Twiss parameters from quadrupole scans. The result of the latter is used for beam-size adjustment in spectrometry measurements and the incoming beam parameters (current, bunch length, emittances, energy, and energy spread) are then used as input to PLACET simulations. Thus, the predicted particle distribution at the end of the line can be obtained and compared with the beam profile as measured with the segmented dump.
Several beam parameters, such as beam intensity, trajectory, or phase of individual bunches, may vary along the pulse train and thus influence the deceleration process. This leads to variations along the pulse in the final energy spectrum. A slice in time is therefore selected from the energy spectrum in order to minimize these influences where possible. Figure 13 (a) shows a typical beam energy spectrum as measured with the single-slit dump in TL2. The incoming pulse train has an energy of 125 MeV and a 0.5% rms energy spread. The corresponding energy spectrum in TBL, as measured with the segmented dump, is presented in Fig. 13(b) . Here, the mean energy is decreased to 103 MeV, i.e., 22 MeV deceleration. The rms energy spread is more than tripled to 1.8%.
In Fig. 14 we show an example of the measured particle distribution compared to the distribution obtained with PLACET. Here, the energy parameters in Fig. 13(a) have been used as input to PLACET and an approximately 50 ns window with the minimum energy was chosen from the spectrum in Fig. 13(b) . The measured distribution has a FWHM width of 19 mm while the PLACET distribution has an equivalent width of 20 mm. After adjusting the measured profile with the intrinsic beam size and known profile broadening effects we obtain a final energy spread of 4.3% (FWHM). This is very close to the value of 4.2% extracted from the PLACET simulation. Therefore, the measured profile agrees within the measurement accuracy with what is expected from simulation, both with respect to the peak energy, the shape of the profile, and the FWHM energy spread.
In Fig. 15 we show the energy extracted from the beam determined by three methods. First we consider the rf pulse as measured in the PETS and calculate the corresponding energy loss of the beam. Second, we calculate the expected energy from the longitudinal intensity profile of the pulse together with the charge distribution form factor. Third, we extract the average beam energy along the pulse from the measurement done with the segmented beam dump. The agreement is very good and the segmented dump measurement indicates similar temporal variations as those seen in the rf signals. Reference [27] contains a more detailed analysis of these measurements. We conclude that the segmented dump provides reliable time-resolved energy measurements that agree perfectly well with the OTR screen measurements, with the energy loss predicted from the extracted rf power and with what is expected from PLACET simulations.
VI. EXTRAPOLATING TO CLIC
As an outlook we here discuss the extrapolation of the presented diagnostic techniques to the beam parameters of the CLIC drive-beam decelerator, listed in Table I .
Emittance measurements based on quadrupole scans or multiple screen use will be affected by chromatic effects in the CLIC decelerator lattice due to the even larger energy spread than in the TBL. Nevertheless, the techniques can be used reliably if the energy spread is taken care of by correcting the measurement analysis as described in Ref. [7] .
Beam imaging with OTR screens is an accurate method for high charge beams, though radiator materials must be chosen with great care. In the CLIC drive beam there is a continued need for large aperture lenses in order to avoid diffraction and vignetting and to minimize the difference in light collection between the most and the least decelerated particle.
In spectrometer lines the profile measurement using OTR screens is expected to remain sufficiently reliable. The calculation presented in Fig. 7 was made also for the CLIC energy distribution and the FWHM width of the OTR profile differs from the particle profile by less than 5%. The largest difference between particle distribution and OTR distribution occurs in the high-energy tail. Conveniently, a calibration curve can be generated by combining Eq. (2) with the dispersion on the screen in order to compensate for the lower light yield at lower energy.
Because of the high thermal load imposed by the beam, segmented beam dumps will not be applicable to the CLIC drive beam. It is first of all the mechanical stress induced by repetitive beam shots that will cause a problem for this particular technique, see [18] , and another method will have to be developed.
VII. CONCLUSION
The rf distribution scheme for CLIC relies on the deceleration of a high-intensity drive beam. The power extraction from the drive beam deteriorates the beam quality and increases the energy spread significantly, which calls for careful monitoring of the beam properties. This process is being addressed experimentally in TBL at the CLIC Test Facility, where several beam monitors are present to supervise the decelerated beam. In this paper we have investigated the performance of the beam profile monitors in TBL. In particular, we have investigated the influence of the large energy spread on the quality of the diagnostic methods, with the final prospect of implementation in the CLIC decelerator.
The large energy spread induces significant chromatic effects when emittance is measured through quadrupole scans or multiple screens. Yet, the methods are still reliable seeing that we have described a way to correct for it.
OTR is an excellent technique for beam imaging due to its charge linearity. Using OTR screens the beam profile is faithfully reproduced also for beams with large energy spread, both in absence and presence of dispersion.
Time-resolved energy measurements are done successfully with segmented beam dumps in a spectrometer line. The detector performance has been fully characterized and its limitations well understood.
We have comprehensive diagnostics for monitoring the highly decelerated beam in the TBL. All the measurements are in coherence and in agreement with simulations.
